As cationic antimicrobial peptides are major players of the innate immune response with broad antimicrobial activities, we evaluated the activity of Paneth cells derived cryptdin-2 against selected bacterial pathogens i.e Yersinia enterocolitica, Salmonella typhimurium (Gram negative) and Staphylococcus aureus (Gram positive). Cryptdin(s) preparations were obtained from crypt homogenates as well as from Paneth cells and analyzed using SDS-PAGE. A peptide band corresponding to 3.5 KDa (appx.) was eluted and purity was confirmed using HPLC. It was identified as cryptdin-2 according to its amino acid sequence. The peptide was found to have antimicrobial activity against the selected pathogens as indicated by radial diffusion assay as well as standard colony count technique. However, the activity was found to be the highest for S. aureus. This study thus highlights an important role of cryptdin-2 during host-pathogen interactions and indicates its potential as an inhibitory agent against the enteric infections.
INTRODUCTION
The gastrointestinal tract is continuously exposed to a variety of foreign bacteria ingested through contaminated food and drinks. Despite the high bacterial exposure, infections are rare which suggests highly efficient mechanisms both to protect the host and to maintain a host-microbe balance [1] . Intestine possesses many arms of innate protection from microbial invasion including peristalsis, mucus secretion, low pH, bile salts, digestive enzymes and endogenous antimicrobials [2] including cationic peptides to which acquisition of resistant mutants is less likely to occur [3, 4] .
A variety of antimicrobial peptides termed cryptdins (for crypt defensins) released by Paneth cells contribute to mucosal barrier function and have been classified as cryptdin-1 to cryptdin-6 [5] . Paneth cells are epithelial granulocytes at the base of the crypts of Lieberkuhn in the small intestine of many mammalian species [6] . These cells, rich in secretory granules containing microbicidal peptides are thought to help maintain the relative paucity of bacteria within this environment [7] thereby providing protection from intestinal infections [8] .
The most compelling evidence for a Paneth cell role in enteric resistance to infection is evident from studies of mice transgenic for a human Paneth cell alpha-defensin (HD-5), which are completely immune to infections caused by orally administered bacterial pathogens [9] . The sensitivity of E. coli as well as Giardia lamblia trophozoites to cryptdins has also been observed earlier [10] .Studies using knock out mice have suggested that deficient expression of Paneth cell -defensin may contribute to the pathophysiology of Crohn's Disease, a chronic inflammatory bowel disease [11] .
Recently, there has been a lot of commercial interest in developing cationic peptides as potential antimicrobial agents. The present study was therefore, planned to assess the effect of Paneth cell derived cryptdin(s) on the intestinal pathogens, ranging from luminally restricted but epithelial adherent as well as epithelial invasive strains. Three bacterial strains i.e Salmonella typhimurium NCTC74, Yersinia enterocolitica ATCC 23715 as well as Staphylococccus aureus ATCC 9144 were selected to assess the antibacterial activity of cryptdin-2. Salmonella is responsible for a variety of infections in humans and domestic animals ranging from gastroenteritis caused by S. typhimurium to severe systemic disease caused by S. typhi [12, 13] . Although Y. enterocolitica commonly causes intestinal infection in the form of mesenteric lymphadenitis and enterocolitis, the clinical picture is nevertheless quite variable [14] . The membrane damaging -toxin of S. aureus has been reported to circulate in the blood affecting the intestinal epithelia in such a way so as to render it permeable to Gram negative bacteria in the normal intestinal flora as well as their endotoxins (LPS) [15] .This study demonstrates the antimicrobial activity of Paneth cell cryptdin-2 against Yersinia enterocolitica in addition to Salmonella typhimurium and Staphylococcus aureus.
MATERIALS AND METHODS

Animals
Balb/c mice (20-25g) used in this study were procured from the Central Animal House of Panjab University, Chandigarh (India).The animals were housed under standard conditions of light and dark cycle with free excess to food (Hindustan Lever Products, Kolkata, India) and water ad-libitum. The experimental protocols were approved by the Institutional Ethical Committee of Panjab University, Chandigarh, India.
Bacterial strains
Y. enterocolitica ATCC 23715 and Staphylococcus aureus sub sp. aureus ATCC 9144 were procured from Institute of Microbial Technology, Chandigarh, India. Salmonella typhimurium NCTC74, procured from Central Research Institute, Kasauli, India was used in the present study. The strain has been maintained in our laboratory for the last several years and has also been used in recent studies [16, 17] .
Extraction of cryptdins
Attempts were made to extract cryptdins from crypt preparation as well as from Paneth cell granules.
(i) From crypt preparation: Animals were subjected to fasting but were allowed to drink water ad libitum for 24h before being sacrificed. Crypts were isolated from the small intestine by the method as described by Bjernkes and Cheng [18] .The intestinal segment under study was flushed with warm calcium magnesium free Hank's Balanced Buffered Salt Solution (CMF Buffer). After this, the lumen of the segment was perfused with 1mM EDTA in CMF for 10 min and placed in cold CMF. It was then everted onto a glass rod, mounted on a stirrer assembly, and vibrated with ten short bursts into a tube of cold CMF to remove most of the villi (stage 1). Thereafter, the segment still mounted on the glass rod was incubated in a tube of cold 1mM EDTA in CMF for 10 minutes. At the end of this incubation, the segment was vibrated into cold CMF with five to ten short bursts to remove all residual villi (stage 2). Further, the segment was vibrated with three bursts into a fresh tube of CMF (stage 3). The loss of intestinal epithelium followed by the loss of villi and finally the crypts from the intestine into the EDTA buffer was confirmed by histological examination of the intestinal segment at various stages. The final fraction obtained thereby was homogenised and termed as P1. A small piece of the intestinal segment at various stages of the experiment was cut and fixed in 10% buffered formalin. Samples were processed, stained with heamotoxylin-eosin and examined microscopically. Microphotographs were taken with an Olympus binocular photomicroscope equipped with an automated digital camera (model DP12).
(ii) From Paneth cell granules: Animals were subjected to fasting for 12-24h but were given water ad libitum before being sacrificed. Cells were isolated from the small intestine by the method as described by Eisenhauer et al. [19] .The entire small intestine was removed and cut into four equal length segments, which were flushed with 0.9% NaCl containing 1mM dithiothreitol to remove luminal contents. Each segment was carefully everted on to a 0.1ml glass pipette, which was then placed in a tube containing phosphate buffered saline (PBS) (pH 7.4) with 27mM sodium citrate [20, 21] . After 30 and 60 minutes, the solution was removed and replaced with PBS that contained 0.5mM dithiothrietol and 1.5mM EDTA. The two exfoliated cell preparations obtained (rich in Paneth cells) between 30 and 60 minutes were washed twice with PBS containing 1mM EDTA. Both cell rich preparations were combined and centrifuged at 450 x g for 10 minutes at 4°C to separate the supernatant from Paneth cells. The cells were suspended in 5ml of ice-cold 0.34M sucrose (pH 7.4) and homogenised. The homogenate was centrifuged at 450xg for 10min at 4°C, and the resulting pellet was centrifuged at 27,000 x g for 20 min to separate the supernatant from the granules rich pellet. This fraction was termed as P2. Total protein concentration in all the desired samples was calculated by the method of Lowry et al. [22] .
2.4
Tricine SDS-polyacrylamide gel electrophoresis
Tricine sodium dodecyl sulphatepolyacrylamide gel electrophoresis (Tricine SDS-PAGE) for low molecular weight proteins was performed as described by Schagger and Jagow [23] . The SDS gel had a resolving gel of 16.5% acrylamide with a 10% acrylamide spacer gel and 4% stacking gel. The gel was subjected to electrophoresis for 6h at 80 V and stained by silver staining.The molecular weight of the peptide of interest was calculated according to the standard molecular weight markers. (Bangalore Genei, India).
Peptide elution and HPLC Analysis
The band corresponding to the peptide of interest (putative cryptdin) was selected and eluted out of the preparative gels as described by us earlier [24] . For further purification of the peptide, a10µl volume of the eluate obtained thereby was injected into a 4.6 X 250 mm sinochrom ODS-BP-5 column with a mobile phase system consisting of 0.1% triflouroacetic acid in 100% acetonitrile (solvent A) and 0.1% triflouroacetic acid in 100% water (solvent B). Gradient conditions were 20% (0.01min), 45% (25min), 100% (25.1min) for solvent A and 80%, 55% and 0% for solvent B for 30min at a flow rate of 1.0ml/min.The elution profile was monitored at 220nm.
Amino acid sequencing
The 3.5 KDa band (putative cryptdin) was transferred on to poly vinylidene diflouride (PVDF) membranes and sequenced using a PROCISE sequence Pro TM 491 amino acid sequencer (Applied biosystems, USA) according to standard protocols of the manufacturer.
Determination of the antibacterial activity by radial diffusion assay
The antibacterial activity of the peptide was evaluated by the radial diffusion assay, a modification of the sensitive assay for defensins by Lehrer et al. [25] . A single colony of each of the test strain was inoculated in 50ml of full strength (3%w/v) trypticase soy both (TSB) for 18h at 37 0 C separately. 100µl of this culture was inoculated into 50ml of fresh trypticase soy broth to obtain mid log phase cells and incubated for six h at 37 0 C. The cells were pelleted, washed twice with 10mM sodium phosphate buffer, pH 7.4 (NAPB) and resuspended in 1ml 0f cold NAPB. A 10 -3 dilution of this suspension containing appx. 10 6 bacterial cells were added to 10ml of preautoclaved, warm (42 0 C) 10mM NAPB that contained 3mg of powdered TSB medium, 1% (w/v) low electroendosmosis agarose. After a rapid dispersion of bacteria, the agar was poured into agar plate to form a uniform layer. When the agar was solidified, it was punched to make evenly spaced wells. 10µl of the eluted peptide fraction containing 2.5 µg (as per the standardization in the laboratory) of cryptdin-2 or 0/01% acetic acid (as control) was added to wells. The plates were incubated for 3h at 37 0 C and then overlayed with 10ml sterile overlay agar (maintained in fluid phase).0.01% acetic acid served as control. The overlay agar consisted of double strength (6% w/v) tryptic soy broth (TSB) and 1%w/v agarose. After overnight incubation at 37°C, the size of the clear zone surrounding each well was measured. The antibacterial activity was represented by measuring the size of the clear zone of inhibition of bacterial growth around the wells.
Standard colony count assay for antibacterial activity
Standard colony count assays were performed to assess the bactericidal activity of the extracted cryptdin-2 against selected strains. In these assays, 3µl of the cell suspension containing 55 x 10 5 cfu/ml of S. typhimurium and 98 x10 5 cfu/ml of S. aureus was added to 3ml of nutrient broth medium in specially designed flat bottom flasks. Similarly 3µl of the cell suspension containing 110 10 6 cfu/ml of Y. enterocolitica was added to 3ml of tryptose broth with thiamine HCl. 2.5µg of the peptide was added to all the test flasks and which were then incubated at 37 o C for 24h. Serial dilutions were prepared at 0, 4, 8, 12 and 24h and spread plated on nutrient agar plates for S. typhimurium and S. aureus while for Y. enterocoltica , the dilutions were spread plated on tryptose agar containing 0.025% thiamine HCl. 
RESULTS AND DISCUSSION
Recent investigations in murine models provide compelling support for the hypothesis that enteric cryptdins play a pivotal role in defence against food and water borne pathogens in the intestinal lumen [11] . Since cryptdins reportedly have potent activity in the micromolar range, these provide effective protection to the crypts. To evaluate the effect of various Paneth cell cryptdin isoforms on the pathogens, isolation of relatively pure epithelial preparations has long been a matter of interest. The present study demonstrates the extraction of antimicrobial peptide from the intestinal epithelium following sequential histology. Sequential loss of intestinal epithelium, Fig.3 A, B) These stages indicate the complete extraction of cryptdins from Paneth cell granules into the buffer leaving behind empty crypts. Thus, the evidence for the loss of granules containing cryptdins from Paneth cells has been provided in this study for the first time. Complete loss of crypts was observed indicating the migration of the crypts into the EDTA buffer. The protein content of P1 and P2 fractions as estimated by Lowry method was found to be 6µg/ml and 7µg/ml respectively. As the two fractions (P1 and P2) could not be resolved individually on SDS-PAGE, the exfoliated Paneth cell preparation was pooled with the crypt homogenates. The peptides ranging from 3 to 10 KDa [26] have been reported to be best resolved using 16.5% resolving gels with urea [23] . In the present study also, both the fractions were pooled together and analyzed using 16.5%T and 4%C gels. Silver staining of the gels revealed two bands corresponding to 14KDa and 3.5 KDa (putative cryptdin band) (lane1) (Fig.4) . The additional granule proteins such as phospholipase IIa, lysozyme and RNAse7 might have been released earlier during the experimental procedure with vibration bursts and therefore not retrieved in the final step. Since the molecular weight of the distinguishably visible 3.5KDa band corresponded to that of one of the enteric defensins, this band was eluted from the preparative gels and subjected to HPLC. On analyzing the HPLC chromatogram, a single peak was observed (Fig.5) which confirmed the purity of the extracted peptide. The amino acid sequence (PROCISE SequencePro TM , 491) of the eluted peptide band consisting of 35 amino acid residues was found to be LRDLVCYCRTRGCKRRERMNGTCRKGHLM YTLCCR [PDB Accession No. AAB22838.1]. Interestingly, the amino acid sequence determined in the present study was found to be identical to that of native cryptdin-2 which has already been reported [27] .
Earlier, it has been reported that Salmonella may decrease the expression of cryptdins thereby evading potent host immune defense mechanisms [28] . However, antimicrobial activity of cryptdin isoforms has also been demonstrated against S. aureus [29] as well as S. typhimurium carrying PhoP mutations [30] . In the present study also, activity of cryptdin-2 has been demonstrated qualitatively as well as quantitatively against Salmonella typhimurium NCTC74 and Staphylococcus aureus. Although there are reports suggesting the sensitivity of Yersinia enterocolitica to the action of polycationic peptides (poly-L-lysine, poly-L-ornithine, melittin) [31] , activity of cryptdin-2 against Yersinia enterocolotica has been demonstrated in the present study for the first time to the best of our knowledge. In the present study, cryptdin-2 inhibited the growth of all these pathogenic strains which is evident from the respective zones of inhibition of growth around the wells filled with the peptide. The zone diameters were found to be 3.5mm Cryptdin-2 decreased the colony forming units of the test strains in a time dependent manner also. Approximately, 60% reduction in colony forming units could be observed in S. aureus ( Figure 7 ) whereas in case of Y. enterocolitica ( Figure 8 ) and S. typhimurium (Figure 9 ), 50% (appx.) reduction in the number of colony forming units was observed. Therefore, cryptdin-2 was found to be more effective against S. aureus than the Gram negative pathogens. Earlier also, this variation in potency against various bacterial strains has been observed for murine cryptdins [27] . It has been suggested that most likely, these differences may be due to the variations in the nature of interactions between antimicrobial peptides and microbial membrane components present in Gram positive and Gram negative bacteria. The study thus highlights the activity of cryptdin-2 against the three bacterial pathogens which might play an important role during hostpathogen interactions. 
